Abstract -A new physical principle has emerged to produce record voltages and efficiencies in photovoltaic cells, "luminescence extraction." This is exemplified by the mantra "a good solar cell should also be a good LED." Luminescence extraction is the escape of internal photons out of the front surface of a solar cell. Basic thermodynamics says that the voltage boost should be related to concentration ratio, C, of a resource by Δ ΔV=(kT/q)ln{C}. In light trapping, (i.e. when the solar cell is textured and has a perfect back mirror) the concentration ratio of photons C={4n 2 }, so one would expect a voltage boost of ΔV=kT ln{4n 2 } over a solar cell with no texture and zero back reflectivity, where n is the refractive index. Nevertheless, there has been ambiguity over the voltage benefit to be expected from perfect luminescence extraction. Do we gain an open circuit voltage boost of ΔV=(kT/q)ln{n 2 }, ΔV=(kT/q)ln{2n 2 }, or ΔV=(kT/q)ln{4n 2 }? What is responsible for this voltage ambiguity ΔV=(kT/q)ln{4}=36mVolts? We show that different results come about, depending on whether the photovoltaic cell is optically thin or thick to its internal luminescence. In realistic intermediate cases of optical thickness the voltage boost falls in between; ln{n 2 }<(qΔV/kT)<ln{4n 2 }.
I. INTRODUCTION
In a solar cell at open-circuit voltage, absorbed photons generate electron-hole pairs which are then either radiatively re-emitted or lost to non-radiative recombination. Radiative re-emission can be re-absorbed by the cell or escape out of a solar cell surface. The small escape cone for a semiconductor/air interface, as described by Snell's law, makes it difficult for the photon to escape out of the front surface; it is much more likely for the luminescent photon to be lost to an absorbing back substrate. Photon emission is required as a reciprocal process to absorption. If photons are only absorbed through the front surface, emission out of the front is required, but emission out of the back is not [1] , [2] , [3] . We thus want to minimize the emission out of the back surface by adding a back mirror. In the ideal case, we have a perfect back reflector and only radiative recombination, so at open circuit voltage, all absorbed photons are eventually reemitted out of the front surface of the cell. In the presence of non-radiative recombination, a textured surface, along with the back mirror, can aid photons in escaping out the front of the cell. A textured surface randomizes the direction of the photon, allowing it multiple chances to get into the escape cone before parasitic absorption.
At the open-circuit voltage condition, the probability that an electron-hole pair recombines to emit a photon that escapes out the front of the cell is called the external luminescence yield, . In the ideal case of , at open-circuit voltage, every electron-hole pair recombines radiatively, and with the aid of a perfect back reflector, all internal photons eventually escape out the front of the cell The open circuit voltage, , can be expressed as [1] : (1) From (1), we see that the open circuit voltage is penalized by in a non-ideal cell with .
In [4] , it was established that when a solar cell has a textured surface and a perfect back mirror, the absorption enhancement would be 4n 2 compared to a flat solar cell with zero back reflectivity, where n is the refractive index of the absorbing material. Basic thermodynamics says that the voltage boost should be related to concentration ratio, C, of a resource by ΔV=(kT/q) ln{C}, so we should obtain a voltage boost of ΔV=kT ln{4n 2 } when we texture and add a back mirror to the solar cell. Equivalently, -kT ln{4n 2 } for a flat cell with zero back reflectivity. More recently, however, it was shown in [5] that for a thick, strongly absorbing solar cell with only radiative recombination, , yielding These two different expressions for lead to a voltage discrepancy of (kT/q) ln{4}≈36 mV. What is the correct ? Here, we show that different results come about depending on whether the photovoltaic cell is optically thin or thick to its internal luminescence. We derive the correct in both limiting cases of optical transparency and intermediate cases with real material properties, resolving all factors of 2.
II. LIMITING CASES OF LUMINESCENCE EXTRACTION
In [5] , the external luminescence yield is expressed as: (2) where is the internal luminescence yield, is the average probability that an internally emitted photon escapes the front of the cell without reabsorption, and is the average probability that an internally emitted photon is reabsorbed. The internal luminescence yield, , is defined as the ratio of radiative recombination to total recombination per unit volume.
We now derive for flat solar cells with no back mirror, in the limits of weak and strong absorption of the internal luminescence. We assume only radiative recombination, a perfect antireflection coating on the cell, and an indexmatched substrate below. The key physical difference between the two cases is that in the thin cell we assume that the angular distribution of internal photons striking the front surface from below is approximately uniform, whereas in the thick cell the distribution of the internal photons is strongly affected by the absorption in the bulk and is assumed to be approximately Lambertian.
We first look at the limiting case where the cell is optically thin (i.e. weakly absorbing) to the internally luminescent photon energies. For this limit, we can recognize that the probability of front surface escape, relative to substrate absorption, is the fraction of solid angle that is subtended by the escape cone. We can derive for Case (1a) as follows:
We now look at the limiting case of a material that is very strongly absorbing of the internal luminescence. To calculate this limit, note that , can be equivalently defined as the ratio of radiative emission out the front of the cell, to total loss rate of photons out of the cell [1] . We have: (4) where is the radiative emission rate out of the front of the cell, and is the emission rate out of the back of the cell and into the substrate.
At the top surface, since we assume a perfect antireflection coating, we can assume perfect transmittance of internally luminescent photons in the escape cone (given by Snell's law,
). There is total internal reflection for internal luminescent photons outside the escape cone. Due to the many absorption events inside the material, the internal photons hitting the top surface have a Lambertian distribution. The angle-averaged transmittance of the internally luminescent photons through the top surface, , is thus given by:
(5) where the term accounts for the Lambertian distribution.
Since the cell is free of non-radiative recombination, the only other photon flux out of the cell is through the rear surface, which is described by the bottom luminescent transmittance , and is unity because the top cell is index-matched to the substrate below. Applying (3) and (4) yields:
(6) as was found in [5] for a thick, strongly absorbing cell. We have a factor of difference in between the limits of being optically thin and optically thick to the internal luminescence. Physically, we can understand the increase in in the optically thick case by realizing that due to many absorption and emission events, there are more chances for the internal photon to get into the escape cone and escape out the front.
III. LUMINESCENCE EXTRACTION IN GAAS CELLS
We can derive the spectrum and breakdown of internal photons in a 1um thick cell on index-matched substrate from Refs. [1] and [5] , graphically shown in Fig. 1(a) . The majority of internal photons are reabsorbed, a small amount is emitted into the index-matched substrate on the bottom, and an even smaller amount escapes out of the front surface. On the other hand, in Fig. 1(b) , in the thinner 100nm cell, the majority of photons are emitted out of the back surface and a small amount is reabsorbed (again, a tiny portion of photons escape out of the front surface of the cell). A thicker cell is more likely to re-absorb internal photons before they can escape. The external luminescence yield is the ratio of the emission out the front surface to the total emission out of the front and back surfaces. From the spectra in Fig. 1(a) and (b) , we can see that will be greater for the thicker 1um cell. The intuition for this is as follows: each re-absorption event randomizes the angular direction of the internal photon. More re-absorption events allow the internal photon more chances to be in the escape cone, and thus be re-emitted out of the front surface. Thus, the thicker cell will have a higher in this ideal scenario of only radiative recombination.
For a high efficiency solar cell, very high absorption of the above bandgap photons is required for high short circuit current. Paradoxically, even though we may have almost step function absorption of incident photons, the cell is not necessarily strongly absorbing of the internal luminescence. We can resolve this paradox by realizing that the internal luminescence is downshifted in energy from the incident photons. Due to the Urbach tail in the absorption spectra of many materials, a portion of this internal luminescence is even below the bandedge, where we see very weak absorption. We can see this in Fig. 1 ; the bandgap for GaAs is E g =1.42eV [1] , but we have internal photons with an energy lower than the bandgap. Consequently, it is reasonable to assume both step function absorption and very weak re-absorption of internal luminescence. In Fig. 2 , we plot the voltage penalty for a GaAs cell on an index-matched substrate, as a function of the reabsorption probability P abs (each value of P abs corresponds to a certain GaAs cell thickness L which is also denoted on the graph). We see from Fig. 2 that for a 1um cell on substrate, , and for a 100nm cell on substrate, . In the limit of a cell that is optically thin to the internal luminescence ( ), we see that in Fig. 2 , which is consistent with Eqn. 1 and Eqn. 3. In the limit of a cell that is optically thick to the internal luminescence ( ), we see that , which is consistent with Eqn. 1 and Eqn. 6. To reach the limit of a cell that is optically thick to the internal luminescence ( ), we must have a cell that is infinitely thick. for a GaAs cell on an index-matched substrate, as a function of the re-absorption probability P abs ,
IV. CONCLUSION
At open-circuit voltage, we want to maximize the photon emission out of the front surface of a solar cell. We can maximize the external luminescence yield, , by putting a mirror on the backside of the cell and by surface texturing. However, there has been ambiguity over what factor of 2 increase gains from better luminescence extraction. In this work, we resolve factors of 2, finding that the increases in , and consequently, voltage depend on whether the cell is strongly absorbing (optically thick) or weakly absorbing (optically thin) towards the internal luminescence.
